Introduction
Type 1 neurofibromatosis (von Recklinghausen's disease [NF-1]1) is a common neurocutaneous disease affecting 1 out of 3,000-4,000 individuals (1). It is inherited in an autosomal dominant manner, and the genetic defect has been localized to chromosome 17 (2, 3) . The most characteristic clinical features of NF-1 are the presence of cutaneous and subcutaneous neurofibromas, cafe-au-lait macules, and hamartomas of iris, the so-called Lisch nodules (4) .
The cutaneous neurofibromas contain three major types of neural tissue-derived cells: Schwann cells, perineurial cells, and fibroblasts (5) which are embedded in an extensive connective tissue matrix. The extracellular matrix consists predominantly of collagen which comprises -50% of the dry weight of the tumors (6) . Immunocytochemistry and electron microscopy have demonstrated the presence of at least five genetically distinct collagens, types I, III, IV, V, and VI, in the lesions (6-1 1). Previous studies have revealed that the levels of mRNA transcripts specific for type I procollagen are 10 times higher than the mRNA levels of type III or IV procollagens in RNA preparations isolated from neurofibroma tissue (12) . In addition, fibronectin and basement membrane components, laminin and nidogen, have been identified in the matrix of neurofibromas (5, 7, 10, 13, 14) .
Although the composition of the extracellular matrix of neurofibromas has been investigated in considerable detail, the cellular origin of the matrix is not clear. Most tumors, once fully developed, appear to be biosynthetically stable, and only a few cells are active in expressing the extracellular matrix genes (5) . In situ hybridizations have shown that in fully developed neurofibromas, < 10% of the cells actively express the proa,(I) collagen gene, whereas < 5% of the cells express the proa,(III) collagen gene (5) . In this study, the contribution of Schwann cells, perineurial cells, and fibroblasts to the accumulation of the extracellular matrix in developing neurofibromas was investigated under culture conditions that allowed the cells to be metabolically active and also rendered them readily identifiable ( 15, 16) .
Methods
Cell cultures. The primary cell cultures were established from cutaneous neurofibromas excised for cosmetic reasons from seven patients with clinically and histopathologically verified von Recklinghausen's neurofibromatosis (NF-1). The central part of each tumor was cut into 1-mm3 pieces which were explanted onto plastic tissue culture flasks. Normal skin fibroblasts were similarly cultured from a skin sample of a 52-yr-old male undergoing surgery for cosmetic reasons. For in situ hybridization and immunofluorescence the cells were grown from tissue onto acetylated glass slides (16) . The cells were grown for 4-5 wk in DME, supplemented with antibiotics (penicillin G, 100 U/ml, and streptomycin sulphate, 50 ,g/ml), and 10% fetal calf serum. Before fixation of cells for in situ hybridization, the cells were fed for 6 h with fresh DME supplemented with 20% fetal calf serum.
Indirect immunofluorescence. For (27) ; for laminin, a 0.7-kb 5' EcoRI-PstI subfragment of 2.5-kb A chain (XpA-1) cDNA, a 2.4-kb BI chain (XpBl-3) cDNA, and a 2.4-kb B2 chain (XpB2-10) cDNA, respectively (28); for elastin, a 2.5-kb (cHE-3) cDNA (29) .
Results
Identification of cells. Neurofibroma cells were cultured from seven separate tumors on plastic tissue culture flasks or on acetylated glass slides. The results presented below were consistently observed in all seven cases. The outgrowth ofcells was examined first at light microscopic level. The presence ofthree different major cell types was noted in the initial outgrowth ( Fig. 1) . In several areas, a mixture of cells growing on a multilayer arrangement was noted ( Fig. 1 A) . Immunocytochemical staining showed that the top layer of the cells was positive for S-100 protein (not shown), indicating that they were Schwann cells (30) . These cells also stained positively with anti-type IV collagen antibody (Fig. 2 A) . The lower layer of these areas of cultures revealed heterogeneity in a manner suggesting the presence of fibroblasts and perineurial cells (see below). Both these cell types were negative for S-l00 protein, but stained positively with anti-fibronectin antibody ( 15) .
In some areas of primary outgrowth, the cells had a growth pattern characteristic of fibroblasts ( Fig. 1 B) . These cells were negative for staining with anti-type IV collagen antibody ( (Fig. 2 B) . On the basis of their characteristic morphology, and the presence of both fibronectin and type IV collagen epitopes, the latter cells were identified as perineurial cells (15, 16) . None of the cells in the primary outgrowth were positive for factor VIII-related antigen, cytokeratin, or desmin, suggesting that they were not related to endothelial, epithelial or muscle cells (31, 32) . Thus, the majority of cells in these mixed primary cell cultures appeared to represent Schwann cells, perineurial cells and fibroblasts (15, 16) .
Matrix gene expression in primary cultures. To examine the matrix gene expression in primary cultures, Northern _.
transfer analyses were first performed with several human sequence-specific cDNAs. These hybridizations clearly revealed the presence of characteristic polymorphic transcripts for type I, III, IV, and VI collagens, as well as for laminin B2 chain, fibronectin, and elastin ( Fig. 3 ) (22) (23) (24) (25) (26) (27) (28) (29) . In addition, three out of seven neurofibromas studied revealed the presence of laminin A chain mRNA (Fig. 3 B) . These results indicated that at least one cell type within the primary culture was responsible for the expression of the corresponding matrix genes. A difference was noted, however, in the size of a3(VI) collagen mRNAs. The mRNA transcript seen in primary neurofibroma cell cultures (Fig. 3 A, lanes b and c) was somewhat smaller than that in skin fibroblast cultures (lane a).
To identify the exact cell type(s) expressing each of the matrix genes in primary culture, in situ hybridizations were performed. The results, summarized in Table I 4 and 5), the mRNA transcripts corresponding to aI(IV) collagen gene were clearly detectable only in perineurial and Schwann cells, but not in fibroblasts (Fig. 6 ). On the other hand, fibroblasts and perineurial cells expressed the fibronectin gene, whereas Schwann cells were essentially devoid of the corresponding transcripts, or expressed the fibronectin gene at a very low, undetectable level (Fig. 7) . Whereas laminin Bl chain mRNAs could be demonstrated in all three different cell types, hybridization with a laminin A chain cDNA revealed detectable [35S]cDNA-mRNA hybrids only in perineurial cells (Fig. 8) . Thus, the latter observations attest to the uncoordinate and differential expression ofthe matrix genes, even when representing the separate subunit components of the same protein.
Matrix gene expression in subcultures. The expression of matrix genes was also examined by Northern hybridizations in the third passage of subculture. As judged by immunostaining for S-100 protein, these cultures were devoid of Schwann cells, which can not be propagated under the culture conditions used in this study. Consequently, the cultures were enriched either in perineurial cells or in fibroblasts, and contained these two cell types in varying proportions. All mRNA transcripts that were detected in the primary cultures were also present in RNA preparations isolated from the cultured cells in the third passage (Fig. 3) . However, the intensity of the hybridization signal between the primary and the third passage cultures appeared to diminish in the case of mRNA for type VI collagen polypeptides, although the intensity of fibronectin mRNA was somewhat increased. These changes are consistent with the depletion of the subcultures from Schwann cells which were shown to be particularly active in expressing the type VI collagen genes (Fig. 5) , while expressing the fibronectin gene at a very low level (Fig. 7) . Also, in some cases the RNA preparations from passaged cells appeared to be enriched in mRNA for proa1(IV) collagen and laminin A chain sequences (Fig. 3 ). These observations can be explained by relative enrichment of the cultures with perineurial cells, since fibroblasts, the other major cell type in these cultures, do not express type IV collagen genes at significant levels (Fig. 6 In this study, we have analyzed the connective tissue biosynthetic profile of Schwann cells, penneurial cells, and fibroblasts, both in mixed primary and in passaged cell cultures. A combination of morphologic and immunocytochemical criteria allowed the identification of individual cells to be representative of each of three different cell types (15, 16) .
Northern hybridizations revealed the presence of mRNA transcripts for subunits of collagen types I, III, IV, and VI, as well as those for fibronectin, laminin, and elastin, indicating that at least one of the cell types present in the initial outgrowth expressed the corresponding genes. Precise assignment to individual cell types was achieved by in situ hybridizations, which revealed a differential profile of matrix gene expression.
All three cell types expressed the proal(I) collagen gene, consistent with a previous demonstration that type I procollagen mRNA levels are predominant in neurofibroma tissues (12) .
Of interest was the observation that the size of a3(VI) collagen mRNA transcripts in primary neurofibroma cell cultures was somewhat smaller than those noted in skin fibroblast cultures (Fig. 3 A) . We have previously shown that a3(VI) collagen transcripts are quite heterogeneous in size, and at least four discrete mRNAs ranging from 8.3 to 9.2 kb have been detected in fetal skin fibroblasts (26). The nature of these multiple mRNA species is currently unclear and the difference in size (16) . The present observations suggest that neurofibroma perineurial cells share common characteristics with normal perineurial cells. These results also relate to immunocytochemical demonstration that type IV collagen is evenly distributed in the matrix of neurofibromas (5, 6, 8) . Thus, the perineurial cell appears to play a significant role in contributing to the deposition of the extracellular matrix in neurofibromas.
In addition to collagenous proteins, the expression ofgenes for noncollagenous glycoproteins of the basement membrane zone, laminin and fibronectin, was examined. Expression of the laminin Bl chain gene was clearly detectable by in situ hybridization on Schwann cells, perineurial cells and fibroblasts. These observations are consistent with previous demonstration that Schwann cells, with or without axonal contact, synthesize laminin (38) . Human skin fibroblasts have been shown to express the genes encoding laminin A, Bl, and B2 chains (28) . However, the mRNA levels for these three different laminin polypeptides have been shown to deviate from the 1:1:1 stoichiometry, expected on the basis ofproposed molecular model of the laminin protein (28, 39) . Specifically, laminin A chain mRNA levels were considerably lower, or undetectable, as compared with those for the B chain mRNAs (28) . This observation is consistent with our finding here that laminin A chain specific mRNAs could be detected only in cell cultures established from three out of seven neurofibromas. Previous studies examining normal rat Schwann cells (38) (42, 43) . On the other hand, rat RN22 schwannoma cells clearly synthesize fibronectin (41) , indicating that the latter cells have a different culture phenotype from the Schwann cells derived from normal nerves or from neurofibromas.
Of interest was the demonstration that neurofibroma cell cultures expressed the elastin gene. This observation is consistent with recent reports indicating that human skin fibroblasts contain elastin-specific mRNAs (29, 44) . Histopathologic, ultrastructural, and biochemical analyses have shown that cutaneous neurofibromas contain low amounts of elastin (12, 45) , and in a normal nerve elastic fibers are present only in epi-and perineurium whereas endoneurium is devoid of this protein (36) . Thus, it appears that fibroblasts and perineurial cells are the principal cell types containing the elastin mRNAs in cultures studied here.
In summary, the observations utilizing in situ hybridizations with human sequence specific cDNAs indicate differential gene expression profiles by the three major cell types, viz. Schwann cells, perineurial cells, and fibroblasts, in neurofibromas. It is conceivable that all three cell types contribute to the development of the extracellular matrix of neurofibromas, yet each cell type may synthesize a different set of matrix molecules. Factors leading to activation of the gene expression in these three different cell types are currently unknown. However, a recent demonstration that neurofibromas contain an abundance of plasma-derived fibronectin has allowed us to suggest that these cells are accessible also to other plasma proteins, including a variety of growth factors, such as epidermal growth factor and nerve growth factor (5) . It is conceivable that these affector molecules may modulate the extracellular matrix production by Schwann cells, perineurial cells and fibroblasts in a differential manner, thus partly explaining the vari-ability in the biosynthetic repertoire of these neurofibroma cells.
